Disulfide bonds play an important role in protein folding and stability. However, the cross-linking of sites within proteins by cysteine disulfides has significant distance and dihedral angle constraints. Here we report the genetic encoding of noncanonical amino acids containing long side-chain thiols that are readily incorporated into both bacterial and mammalian proteins in good yields and with excellent fidelity. These amino acids can pair with cysteines to afford extended disulfide bonds and allow cross-linking of more distant sites and distinct domains of proteins. To demonstrate this notion, we preformed growth-based selection experiments at nonpermissive temperatures using a library of random β-lactamase mutants containing these noncanonical amino acids. A mutant enzyme that is cross-linked by one such extended disulfide bond and is stabilized by ∼9°C was identified. This result indicates that an expanded set of building blocks beyond the canonical 20 amino acids can lead to proteins with improved properties by unique mechanisms, distinct from those possible through conventional mutagenesis schemes.
Disulfide bonds play an important role in protein folding and stability. However, the cross-linking of sites within proteins by cysteine disulfides has significant distance and dihedral angle constraints. Here we report the genetic encoding of noncanonical amino acids containing long side-chain thiols that are readily incorporated into both bacterial and mammalian proteins in good yields and with excellent fidelity. These amino acids can pair with cysteines to afford extended disulfide bonds and allow cross-linking of more distant sites and distinct domains of proteins. To demonstrate this notion, we preformed growth-based selection experiments at nonpermissive temperatures using a library of random β-lactamase mutants containing these noncanonical amino acids. A mutant enzyme that is cross-linked by one such extended disulfide bond and is stabilized by ∼9°C was identified. This result indicates that an expanded set of building blocks beyond the canonical 20 amino acids can lead to proteins with improved properties by unique mechanisms, distinct from those possible through conventional mutagenesis schemes.
noncanonical amino acids | extended disulfide bonds | β-lactamase | thermostability | evolutionary advantage W e are developing strategies that begin to address the question of whether an expanded genetic code provides an evolutionary advantage to an organism. For example, it has been recently shown that a unique noncanonical amino acid mutation in TEM-1 β-lactamase significantly increases the enzyme's catalytic activity for the substrate cephalexin, a result that cannot be recapitulated by substitution of canonical amino acids at this site (1) . This same enzyme has been reengineered to be dependent on a noncanonical active site residue for activity, a dependency that was maintained for hundreds of generations without escape (2) . Furthermore, addition of noncanonical amino acid building blocks to an unbiased library of ribosomally synthesized cyclic peptides provided a selective advantage in the evolution of inhibitors of cytotoxic intracellular proteases (3). Here we begin to explore whether noncanonical amino acids can provide Escherichia coli a selective growth advantage by increasing the thermal stability of essential proteins.
Cysteine is unique among the 20 canonical amino acids in that it can form reversible covalent cross-links in proteins. Disulfide bonds can stabilize monomeric and multisubunit proteins (4), play a role in catalysis (5, 6) , and regulate protein activity (7); because of these unique properties, disulfide bonds are highly conserved in protein evolution (8, 9) . There has been considerable success in the use of structure-based design to engineer disulfide bonds into proteins for both biopharmaceutical and industrial applications (10, 11) . However, the sites in proteins that can be cross-linked by a cystine disulfide are typically constrained to a distance between the two β-carbons of ∼5.5 Å (10) and a near 90°dihedral angle for the disulfide bond (12) . Thus, the relatively long distances that might be required to bridge distinct protein domains or subunits, or steric constraints at specific sites may preclude the introduction of a natural disulfide bond. These challenges led us to explore whether we could overcome the geometrical constraints of the cysteine disulfide by genetically encoding noncanonical amino acids (NCAAs) with longer thiol-containing side chains.
To this end, we designed a series of tyrosine derivatives (SetY, SprY, and SbuY) with para-substituted aliphatic thiols of various lengths (Fig. 1A) . The calculated length between the two β-carbons of the SbuY-Cys disulfide bond is 14 Å when fully extended, which is significantly longer than a natural cystine cross-link. We genetically encoded these NCAAs in bacterial and mammalian cells by suppressing the nonsense codon TAG with an orthogonal, amber suppressor aminoacyl-tRNA synthetase (RS)/tRNA pair (13) . Because statistical analyses of proteins have suggested that stabilizing disulfide mutations are most often found in regions of higher mobility near the protein surface and associated with longer loop lengths (>25 residues) (10, 14) , we reasoned that these more flexible, extended disulfides might facilitate the introduction of stabilizing disulfide bonds into proteins. Using a N-terminal truncated β-lactamase as a model system (15), we carried out a growth-based selection under nonpermissive temperatures with a library of mutants in which the thiol-containing NCAAs were randomly incorporated, and identified a mutant enzyme crosslinked by an extended disulfide bond that is stabilized by ∼9°C.
Results
Genetic Incorporation of NCAAs Containing Long-Chain Thiols. The development of orthogonal aminoacyl-tRNA synthetase/tRNA pairs has led to the genetic incorporation of various structurally and functionally diverse NCAAs into recombinant proteins (16, 17) . Recently, a series of tyrosine derivatives containing para-substituted long-chain haloalkanes were genetically incorporated into proteins by Y.W. and coworkers using an engineered,
Significance
This work describes a facile system for incorporating noncanonical amino acids containing long side-chain thiols using an expanded genetic code. These amino acids begin to overcome the distance and geometric constraints of the cysteine disulfide and can pair with cysteines to cross-link more remote sites in proteins. To demonstrate this notion, we constructed a library of random β-lactamase mutants containing these noncanonical amino acids and grew them at nonpermissive temperatures. We identified a mutant enzyme that is cross-linked by one such extended disulfide bond that has significantly enhanced thermal stability. This study suggests that an expanded set of amino acid building blocks can provide novel solutions to evolutionary challenges. polyspecific pyrrolysyl-tRNA synthetase termed "XYRS" (13) . Based on this work, we designed and synthesized a series of the thiol-containing amino acids SetY, SprY, and SbuY as substrates for XYRS (Fig. 1A) . The efficiency of incorporation of these NCAAs into proteins by XYRS was initially assessed using a GFP variant bearing an amber codon (TAG) at the permissive site, Asp134 (18) . E. coli DH10B cells containing the reporter plasmid pLeiG-GFP-Asp134TAG (19) were transformed with a pULTRA plasmid containing the E. coli codon optimized amber suppressor tRNA Pyl /XYRS pair. A quantitative fluorescence assay was carried out in the presence and absence of 1 mM NCAA. A significant increase in fluorescence was observed in the presence of all of the NCAAs (SI Appendix, Fig. S1 ) relative to controls lacking the NCAA.
To more precisely quantify the amount of protein produced, the GFP mutants bearing a C-terminal histag were expressed in LB medium in the presence or absence of 1 mM NCAAs, purified by standard Ni-NTA affinity chromatography, and analyzed by SDS/PAGE. As shown in Fig. 1B , full-length GFP mutants were expressed only in the presence of NCAAs. The final yields of all three purified GFP mutants were similar (∼10 mg/L). Site-specific incorporation was further confirmed by high-resolution mass spectrometry [quadrupole-time-of-flight/MS (QTOF/MS)].
The calculated masses for the mutant GFPs containing SetY, SprY, and SbuY are 28,005 Da, 28,019 Da, and 28,033 Da, respectively, which agree with the observed masses (Fig. 1C) .
Because the pyrrolysyl-tRNA synthetase/tRNA Pyl pair has been shown to be orthogonal in mammalian cells (18, 19) , the utility of this system was also evaluated in mammalian cell culture using 293T cells. Incorporation of the NCAAs was evaluated by cotransfection of the reporter plasmid pEGFP-Tyr39TAG and the pCMV plasmid containing the XYRS/tRNA Pyl pair driven by CMV and U6 promoters, respectively. At 250 μM NCAAs, inspection of transfected cells by fluorescence microscopy revealed bright green fluorescence, suggesting the production of full-length EGFP by amber suppression (Fig. 1D) .
A Growth-Based Assay for β-Lactamase Variants with Enhanced Thermostability. With a functional expression system in place, we next explored the potential impact of these long, thiol-containing Mutagenesis was used to insert Cys residues into a TAG-scanned library of ΔTEM-1, and the resulting library containing double mutants was subjected to a growth-based selection at 40°C in the presence of the thiol NCAAs; the mutations in surviving clones were determined by sequence analysis.
NCAAs on protein thermostability. We recently demonstrated that screening a library of mutant TEM-1 β-lactamases containing randomly incorporated noncanonical amino acids with unique structures afforded an enzyme with significantly increased catalytic activity toward a β-lactam antibiotic (1). Using a similar system, we asked whether the random introduction of the thiol-containing NCAAs SetY, SprY, or SbuY into β-lactamase could increase its thermostability. The selection is based on a system reported by Hecky and Müller (15) that uses a structurally perturbed, destabilized TEM-1 β-lactamase lacking the first five N-terminal residues (ΔN5, here referred to as ΔTEM-1). Because TEM-1 contains no free cysteine residues (one disulfide bond), we constructed a disulfide-pairing ΔN5 TEM-1 library, in which each member contains two mutations: one cysteine (TGT) at a defined site and one thiol NCAA (TAG) at a random site. Hence, the library contains a combination of 12 different individual TGT point mutations and 144 TAG individual point mutations for each gene ( Fig. 2A) (i.e., one TGT and one TAG mutation per library member; theoretical diversity = 1,728). The sites of amber mutations were based on our previous published work (1). Cysteine mutations (R65C, D115C, T140C, K146C, E171C, N175C, R178C, M182C, D209C, R240C, Q267C, and M270C) were introduced into regions of higher mobility near the protein surface. The DNA library was then introduced into E. coli DH10B cells containing the amber suppressor XYRS/tRNA pyl pair (Fig. 2B) , and the transformed cells were grown at a nonpermissive temperature (40°C) in the presence of 10 μg/mL ampicillin and 1 mM of SetY, SprY, or SbuY. After 24 h of growth, a single NCAA-dependent hit was identified on a SbuY-containing selection plate. This transformant contained the mutations Arg65 to Cys and Ala184 to SbuY (R65C/A184SbuY). An inspection of the wild-type crystal structure (SI Appendix, Fig.  S2A ) revealed that the distance between the two β-carbons of residues 65 and 184 is 11.1 Å, which is within the distance constraints of the two β-carbons of a Cys-SbuY disulfide bond that can be as long as 14.2 Å when fully extended (calculated with Chembio3D Ultra). In addition, modeling of the mutant (R65C/A184Y) using PyMOL suggested that the distance between the sulfur atom of the Cys65 side chain and the oxygen atom of the Tyr184 side chain is 7.7 Å (SI Appendix, Fig. S2B ). This value is consistent with the calculated distance between these two atoms in an extended Cys-SbuY disulfide bond of ∼7.9 Å, raising the possibility of a cysteine-SbuY disulfide bond.
To test this hypothesis, three mutant clones (R65A/A184Y, R65C/A184Y, and R65A/A184SbuY) were generated by sitedirected mutagenesis. E. coli DH10B cells transformed with these mutants, as well as ΔN5 TEM-1 and the R65C/A184SbuY putative cross-linked mutant, were then grown in the presence of 1 mM SbuY and antibiotic. As shown in Fig. 3A , all clones grew at 25°C, but only the R65C/A184SbuY mutant survived at 40°C. Intriguingly, at 40°C, no colony was observed for the R65C/ A184TAG clone in the presence of 1 mM SetY or SprY, suggesting that the enhanced thermostability for this mutant enzyme is side-chain-length-dependent. Indeed, the calculated distances between the Cys sulfur atom and the aryl para-oxygen atom are around 6.7 Å and 5.4 Å for the extended Cys-SprY and Cys-SetY disulfide bonds, respectively (SI Appendix, Fig. S2C ). These distances are shorter than the 7.7-Å distance obtained from modeling of the R65C/A184SbuY mutant.
To confirm formation of an unnatural disulfide, the R65C/ A184SbuY ΔTEM-1 mutant was inserted into a pET26b vector following a PelB signal peptide, and protein expression (15) was carried out in the presence of 1 mM SbuY using E. coli BL21(DE3). Genetic incorporation of SbuY at position 184 in the ΔTEM-1 mutant was confirmed by trypsin digestion under standard reduction-alkylation condition followed by liquid chromatography (LC)-MS/MS analysis, which identified the peptide DTTMP(SbuY)AMATTLR containing SbuY at the expected site (SI Appendix, Fig. S3 ). Next, both the purified ΔTEM-1 and mutant protein were subjected to QTOF/MS analysis. The theoretical molecular mass, assuming all thiols form internal disulfides, is calculated to be 29,478.6 Da for ΔTEM-1 containing one conserved disulfide bond and 29,575.6 Da for the corresponding R65C/ A184SbuY mutant containing two disulfide bonds (including the additional one from the noncanonical pair), respectively. As shown in Fig. 3B , the observed masses for the wild type and mutant enzymes are 29,478.7 Da and 29,576.3 Da, respectively, which is in agreement with the masses calculated based on proteins containing no free thiols.
The unnatural disulfide bond was engineered at the surface of the protein, whereas the natural disulfide bond is buried in the protein interior. It has been demonstrated that the bulky reducing reagent tris(2-carboxyethyl)phosphine (TCEP) preferentially reduces exposed versus buried disulfide bonds (20) . Thus, we reasoned that under mild TCEP-reducing conditions, only the unnatural disulfide will be reduced. Indeed, treatment with 1 mM TCEP had no effect on the natural cysteine disulfide, as demonstrated by no mass change for the wild-type protein, but resulted in an observed mass change of "+2" for the R65C/A184SbuY mutant, consistent with reduction of the extended disulfide bond. Further treatment with 2-iodoacetamide following this limited reduction resulted in an observed mass of 29,691.9 Da for the R65C/A184SbuY mutant, which matched the calculated mass of a protein adduct containing two additional carbamidomethyl groups (29, 691.6 Da) . Finally, in a control experiment, treatment with 2-iodoacetamide in the absence of reducing reagent had no effect on the mass of either the wild-type or the mutant protein, indicating the absence of free thiol residues. These results collectively indicate the formation of an additional surface-exposed disulfide bond in the R65C/A184SbuY mutant.
Thermostability of the Mutant β-Lactamase. Next, we examined if survival of E. coli containing the R65C/A184SbuY ΔTEM-1 at 40°C is indeed due to an enhanced thermostability of the mutant enzyme. Thermal denaturation curves were obtained using circular dichroism (CD) spectroscopy by measuring α-helix ellipticity while increasing the temperature (21) . The melting temperatures (Tm) of the ΔTEM-1 and mutant enzymes were determined to be 48.6°C and 57.6°C, respectively (Fig. 4A ). This result confirms that the R65C/A184SbuY mutation significantly improves the thermostability of the ΔN5 TEM-1 enzyme. Interestingly, an inspection of the structure revealed that the mutations are located across the hinge region between the two half-domains (22) , which has been previously suggested as a hotspot for stabilizing substitutions for this enzyme (21) . We also attempted to introduce this unnatural disulfide bond into full-length wild-type TEM-1 β-lactamase. Unfortunately, the protein expresses extremely poorly, with the majority of the protein forming insoluble aggregates, which precluded the further characterization of this protein. It is possible that the wild-type full-length protein folds to form mixed disulfides or disulfide oligomers.
Finally, a temperature-dependent activity profile was obtained for both ΔTEM-1 and mutant enzymes by preincubating the purified proteins at a given temperature for 30 min followed by the addition of the chromogenic substrate nitrocefin. The initial velocity was recorded with a temperature-controlled plate reader, and the apparent activity was plotted as a function of temperature. As shown in Fig. 4B , the activity of the mutant enzyme is somewhat reduced to that of ΔTEM-1 at 25°C. However, the activity increases as the temperature is increased from 25°C to a maximum activity at 35°C and then decreases again to a low level of detectable activity at 45°C. At 40°C, the activity of the mutant is comparable to that at 25°C, consistent with the in vivo survival results. For comparison, the activity of the wild-type enzyme decreases as temperature increases, and no enzymatic activity is detectable at temperatures above 40°C, consistent with previously published results (15) .
Discussion
Nature uses the disulfide linkage as one strategy to stabilize protein structure. However, natural disulfide bonds between two cysteine residues are limited by geometrical constraints. We have begun to address this limitation by genetically encoding NCAAs that are capable of forming disulfide bonds that bridge longer distances. These longer and more flexible linkages should make it much easier to cross-link sites within proteins. Indeed, it has recently been shown that electrophilic amino acids with extended structures can selectively stabilize proteins and protein complexes by intra-and intermolecular cross-links, respectively (13, (23) (24) (25) . However, the use of electrophilic NCAAs to form noncanonical cross-links in a bacterial selection system can be complicated by cellular toxicity, irreversible reactions, reaction rates, and scavenging by intracellular nucleophiles. The use of well-precedented disulfide bond formation obviates these concerns, although it does require in general the use of periplasmically secreted proteins.
With these constraints in mind, we chose a truncated β-lactamase as a model system for identification of mutant proteins with enhanced stability. One mutant, R65C/A184SbuY, contains a length-dependent unnatural disulfide bond and exhibits significantly enhanced thermostability both in vitro and in vivo. Inspection of the crystal structure of wild-type β-lactamase suggests that the unnatural disulfide bond extends over an 11-Å distance across a hinge region, linking the α-domain and the α/β-domain of TEM-1 β-lactamase. Previous studies on TEM-1 β-lactamasestabilizing variants have found that many mutations are located at this hinge region, suggesting a potential hotspot for stabilizing substitutions (21) . For example, structural studies on the clinically isolated stabilizing mutant M182T β-lactamase revealed a hydrogen bond from the backbone of Ala185 through a water molecule to the side chain of Glu63 (26) that stabilizes the protein by 6.5°C (21) . Here we show that this same region can be cross-linked with a long disulfide bond, which results in a 9°C increase in thermal stability. A survey of the literature reveals that most engineered cysteine disulfides give a Tm increase around 5°C, although there are a few cases where a more than 10°C increase in Tm is observed (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . Interestingly, in work related to that described here, Xiang et al. (13) demonstrated that halogen-containing NCAAs with relatively long side chains are capable of forming a covalent linkages with a Cys residue and showed that they improved the thermal stability of an affibody by 13°C in vitro.
We are currently screening our library of mutants for additional stabilizing extended disulfides, as well as introducing electrophilic amino acids that form reversible covalent adducts with nucleophilic Cys and Lys residues. We are also exploring the use of computational methods to engineer additional extended disulfide bonds into this and other protein scaffolds to further explore the degree to which cross-linking more distal sites in proteins enhances thermal stability. Finally, this study suggests that an expanded set of amino-acid-building blocks can provide novel solutions to evolutionary challenges.
Materials and Methods
Synthesis of NCAAs Containing Long Side-Chain Thiols. Chemical synthesis of NCAAs is described in SI Appendix, Supplementary Methods and Scheme S1.
Expression and Purification of Mutant GFPs. E. coli DH10B cells, cotransformed with pLeiG-GFP-Asp134TAG and pULTRA-MbXYRS [bearing mutations derived from MmXYRS (13)] plasmids, were grown in LB media supplemented with chloramphenicol (50 μg/mL) and spectinomycin (50 μg/mL) at 37°C. When OD 600 reached 0.3, 1 mM of NCAAs was supplemented to the media. After 40 min, protein expression was induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM, and cells were grown for an additional 20 h at 30°C. Cells were harvested by centrifugation at 4,750 × g for 10 min. The cell pellets were suspended in BugBuster protein extraction reagent and lysed at 30°C. The resulting cell lysate was clarified by centrifugation at 14,000 × g for 30 min, and protein was purified on Ni-NTA resin (Qiagen) following the manufacturer's instructions.
Expression of mutant EGFP in mammalian cells is described in SI Appendix, Supplementary Methods. Construction of Disulfide Pairing ΔN5 TEM-1 Library. A ΔN5 TAG-scanned TEM-1 gene library cassette was first constructed and inserted into the pBK screening vector (described in SI Appendix, Supplementary Methods, in detail). The plasmid containing random TAG mutations was then mutagenized to introduce Cys mutations using the Quik Change Site Directed mutagenesis kit (Agilent Technologies) and the primers listed in SI Appendix, Table S1 , and verified by DNA sequencing (Genewiz). DNA plasmids prepared from each sublibrary were combined in a pool to yield a TAG-TGT combination library.
Screening for Enhanced Thermal Stability. The DNA library was cotransformed with the pULTRA-XYRS plasmid bearing the amber suppressor MbXYRS/ tRNA pyl into E. coli DH10B cells. Transformants were plated on LB agar plates containing 10 μg/mL ampicillin, 100 μg/mL spectinomycin, 1 mM IPTG, and 1 mM of SetY, SprY, or SbuY. After incubation at 40°C for 24 h, single colonies on the plates were picked, and their NCAA dependence was confirmed by plating in the presence or absence of NCAAs. Plasmids from NCAA-dependent colonies were isolated and subjected to DNA sequencing.
Expression and Purification of TEM-1 Mutants. TEM-1 mutants were inserted into pET-26b expression vector and expressed in E. coli BL21(DE3), similarly as described for GFP mutants. Details of expression and purification are included in SI Appendix, Supplementary Methods.
Mass Spectrometry Analysis. High-resolution mass spectrometry was carried out on an Agilent 6520 accurate-mass QTOF instrument. Protein mass was deconvoluted by extraction of the total ion count across the entire area of protein elution using Agilent Qualitative Analysis software. For GFP mutants, samples in PBS buffer were injected (10 μL) at a concentration of 0.1-0.5 mg/mL. For TEM-1 β-lactamase mutants, samples in sodium bicarbonate buffer (pH 8.5) were treated under four different conditions before injection: (i) no treatment; (ii) 1 mM TCEP (Thermo Scientific) for 30 min; (iii) 1 mM TCEP for 30 min followed by 20 mM iodoacetamide (Sigma-Aldrich) for an additional 30 min; and (iv) 20 mM iodo-acetamide for 30 min. For identification of the SbuY incorporation site, proteins were subjected to in-solution reduction, alkylation, and overnight digestion by trypsin (Promega) before LC-MS/MS analysis at Scripps Center for Metabolomics and Mass Spectrometry.
Thermal Stability Determination. Protein (0.15 mg/mL) in 200 mM sodium phosphate buffer (pH 7.0) was subjected to heat-induced denaturation. Signals were monitored at 223 nm on a 202SF CD spectrometer (AVIV), equipped with a Peltier temperature controller. The temperature was raised in increments of 0.25°C from 25°C to 80°C at a rate of 2°C/min. The fraction unfolded was calculated from observed ellipticity and plotted against temperature. The temperature midpoint of the unfolding curve was determined by data fitting to the Boltzmann model using GraphPad Prism 6. To assess the effect of temperature on activity, a clear-bottom 96-well plate (Corning) containing 5.5 nM of the purified enzymes in 90 μL of 50 mM sodium phosphate buffer (pH 7.0) was preincubated at each given temperature (25°C, 30°C, 35°C, 40°C, and 45°C) for 30 min. After incubation, 10 μL of preheated nitrocefin (BioVision) in the same buffer was added to a final concentration of 100 μM. The absorbance was recorded at 482 nm with a temperature-controlled plate reader (Spectramax 250). The initial reaction rate was determined by monitoring the increase in absorbance between 10 and 40 s.
